The actuators in robot joints are often equipped with reduction gears for increasing the power output. However, a high reduction ratio is required to decrease the backdrivability. In this paper, the backdrivability is improved by installing motor-and load-side encoders in the reduction gear. The proposed method comprises a backdrive assist control, feedforward friction compensation, and estimation and feedback of the load-side disturbance by using a multiencoder-based disturbance observer. The angular transmission error in the reduction gear is treated as a disturbance that affects the motor. This disturbance is estimated from the motor-and load-side angular accelerations, and provides feedback assistance to the backdrive. The effectiveness of the proposed method is verified through experiments.
Introduction
To realize various tasks in unknown environments, robots require actuators with high motion control performance and high output power. When human contact is included in the unknown environment, a high backdrivability is also required. However, real actuators comprise the motor and a gear with a high reduction ratio, which improves the power output but reduces the backdrivability.
To achieve both high power output and backdrivability, several researchers have proposed direct drive actuators (1) (2) , or actuators with torque sensors connected to the reduction gear output axis (3)- (5) . Torque-sensing actuators can drive the motor at the load side under an external torque. Series elastic actuators (6) - (8) , which reduce the influence between the load side and reduction gear by an elastic component, have also been proposed. In these actuators, the load-side external torque is estimated by measuring the torsion of the elastic component.
Other proposals estimate or control the torsion torque of the reduction gear using a motor and load side encoder (9) (10) . These methods are realized by simple mechanisms with high torsion stiffness of the reduction gear. This high torsion stiffness demands a large external torque or high-resolution optical encoder for external torque detection.
The present paper an alternative method that improves the backdrivability. To this end, it reduces the friction in the reduction gear by feedforward friction compensation (11) . It also feedbacks the load-side external torque, which is estimated by a multi-encoder-based disturbance observer (MEDOB) (12) . A backdrive assist control that moves the motor based on the a) Correspondence to: Kenta Nagano. E-mail: k.nagano@ieee.org * Faculty of Engineering, Yokohama National University 79-5, Tokiwadai, Hodogaya-ku, Yokohama, Kanagawa 240-8501, Japan backlash of the reduction gear is also proposed. The angular transmission error of the reduction gear is treated as a disturbance at the motor-side. In this paper, the disturbance is defined as an angular transmission error disturbance. The backdrive is assisted by feedback of the estimated angular transmission error disturbance based on the angular acceleration at the motor and load sides. Several related methods also utilize the transmission error. One method uses the angular transmission error for backdriving the gear coupling (13) . This method achieves backdrivability by maintaining a constant position between the backlash, which requires a high-speed response to the load-side external torque, and is not easily accomplished in normal actuation. Another method assists the backdrive of an electrohydrostatic actuator using the transmission error of the angular velocity (14) . This method feedbacks the differentials of the input-and output-side velocities. Based on the angular velocity differential, it assists the backdrive by adding a damping quantity. Another method uses the transmission error of the angular acceleration to compensate the dead zone in the electro-hydrostatic actuator (15) . This method closely resembles the assist method proposed in this paper, but does not discuss the backdrivability. The two-inertia system was purposely approximated as a single-inertia system, because the torsional stiffness in a two-inertia system was assumed sufficiently high. Therefore, the feedback of the transmission error in the angular acceleration was determined by the total inertia of the system. Owing to the large torsional stiffness in the reduction gear, our system can also be assumed as a single-inertia system. However, in our system, the motor and load sides are separated by the dead zone at the start of the backdrive. Consequently, the feedback of the transmission error of the angular acceleration uses the motor-side inertia, which is more rigorous than the single-inertia system assumption. The remainder of this paper is organized as follows. Section 2 describes the developed experimental device and its modeling. Sections 3 and 4 present a description and the experimental results of the proposed backdrivability improvement method, respectively. Section 5 compares the results of the assist control for different input information, and Sect. 6 presents the conclusions.
Experimental Device and Modeling
The experimental device is overviewed in Fig. 1 . The device uses a high reduction planetary gear (16) and is connected to an AC servo motor. Rotary incremental encoders and torque sensors are installed at the motor and load sides. As a control, this system uses the motor-side signal from the internal encoder of the AC servo motor and the load-side signal from the rotary incremental encoder, with a resolution of 2 15 P/R and 108,000 P/R respectively, not the torque measured by the torque sensors. No powder brake is connected in the load device.
The reduction gear is modeled as a two-inertia system. The equation of the two-inertia system is shown as follows:
1 N τ s · · · · · · · · · · · · · · · · · · · · · · · · (1) J LθL = τ s − τ ext · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (2)
where J M and J L are the inertias at the motor and load sides, respectively,θ M andθ L are the angular acceleration at the motor and load sides, respectively; and τ M , τ ext , τ s , and N are the motor torque, the load-side external torque, the torsion torque, and the reduction ratio respectively. The friction torque τ f is considered to decrease the backdrivability. The gravity torque is ignored because the reduction gear is not connected to links or other loads. Here, assuming that the motor and load sides are separated by the backlash, the modeling of the reduction gear as the two-inertia system is more rigorous. Figure 2 shows the torsion angle and torque characteristics of the experimental device when the axis of the motor-side encoder is fixed and torque is applied to the load side. As shown in Fig. 2 , the backlash was large in the torsion angle and torque characteristics, however, the torsion was also occurred. Therefore, the consideration of the torsion torque as the connecting element for the motor and load sides is needed when the reduction gear is driven. However, in the proposed method of this paper, the feedforward friction compensation (11) and the MEDOB (12) are applied which do not use the torsion stiffness. In addition, we propose the assist control based on the backlash that is not related to the torsional torque. The torsion stiffness is strictly existed as shown in Fig. 2 , however, these methods are used because the torsion stiffness is sufficiently large and is possible to ignore. Thus, the rigorous modeling of the torsional stiffness in the two-inertia system model is not necessary for the proposed method. Finally, a block diagram and the parameters of the reduction gear model are shown in Fig. 3 and Table 1 , respectively. Here the model has a dead zone imposed by the backlash. The values in Table 1 are calculated from the measured data of the inertia of the gears and the backlash.
Proposed Backdrivability Improvement Method
This section describes our proposed backdrivability improvement method. The proposed method includes the feedforward friction compensation, the feedback of the load-side external torque estimated by the MEDOB, and the backdrive assist control based on the angular transmission error disturbance. The components are shown in the block diagram of Fig. 4 , detailed in the following subsections.
Feedforward Friction Compensation
The backdrivability is decreased by frictional effects. The friction compensation method adds the feedforward compensation (17) associated with the angular velocity at the motor-side and compensates the friction at the motor-side (11) . The total friction model and its parts are expressed as follows:
τ f model = τ static + τ coulomb + τ viscous · · · · · · · · · · · · · · · (3)
M /θ sθ M 0 · · · · · · · · · · · · · · · · · · · · (4)
τ viscous = D vθM · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (6) where τ f model , τ static , τ coulomb , and τ viscous denote the total friction model, the static friction model with the Stribeck effect, the Coulomb friction model, and the viscous friction model, respectively. τ f s and τ f c are the maximum static friction and the Coulomb friction respectively,θ s and Δθ are the Stribeck angular velocity and the micro angular velocity respectively; and D v is the viscous friction coefficient. (12) In describing the MEDOB, the motor torque becomes τ M = τ M + τ f model by separating the feedforward friction compensation and others. When the effect of friction is compensated by the feedforward friction compensation, Eq. (1) is become as follows:
Multi-Encoder-Based Disturbance Observer
τ s · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (7)
Inserting Eq. (7) into Eq. (2) and rearranging the latter equation, the load-side external torque is estimated by the MEDOB as follows:
τ ext = Nτ M − NJ MθM − J LθL · · · · · · · · · · · · · · · · · · · · ·(8)
From Eq. (8), the torque detected by the disturbance observer with the motor and load side encoders is given bŷ
− g dis NJ MθM − g dis J LθL · · · · · · · · · · · · · · · · · · (9)
The external torque estimated by the MEDOB at the load side is fed back to control the motor drive.
Assist Control Based on Angular Transmission Error Disturbance
The static friction exerts a large effect at the start of the backdrive. Moreover, because it depends on the motor-side angular velocity, the proposed friction compensation can begin only after the motor-side starts driving. The proposed assist control improves the backdrive by harnessing the backlash of the reduction gear.
The angular transmission error (including the backlash) is treated as a disturbance at the motor-side. It is related to the angular displacement at both sides as follows:
· · · · · · · · · · · · · · · · · · · · (10)
Here the angular transmission error disturbance τ BL is calculated from the angular acceleration of the transmission error as the disturbance torque affecting the motor-side. The angular transmission error disturbance is then expressed as follows:
τ BL = J M s 2 (θ M − Nθ L )· · · · · · · · · · · · · · · · · · · · · · · · · (11)
As described above, the angular transmission error disturbance is calculated from the information of the motor-and load-side encoders, and assists the backdrive inside the backlash by feedback to the motor-side. The angular acceleration of the transmission error is obtained by pseudodifferentiation the encoder angle. Therefore, the pseudodifferential of the assist control was computed at different cutoff frequencies for the suppression of the noise.
Experimental Results
This section confirms the effectiveness of the proposed method in a series of experiments. The experiments were performed under four conditions: Case 1: no control. Case 2: feedforward friction compensation only. Case 3: feedforward friction compensation with MEDOB. Case 4: proposed method. The experimental parameters are shown in Table 2 . The experiments were conducted by applying the external torque to the coupling 5 in Fig. 1 . The external torque was supplied by pulling a string wrapped around the coupling by a human operator. Since the external torque supplied by the human operator does not become the same, the evaluation was performed based on the load-side equivalent inertia.
The friction model of the feedforward friction compensation was constructed by experimentally relating the angular velocity to the disturbance torque at the motor-side. At different angular velocities, the motor-side disturbance torque was estimated by the disturbance observer, and was averaged at each angular velocity. The modeled and experimental friction torques at different angular velocities are plotted in Fig. 5 . As shown in the figure, the friction depended on the rotation direction. Therefore, the rotation direction was considered in the friction model, and the experimental parameters were adjusted accordingly (see Table 2 ). As the motor cannot be stopped in the vicinity of 0.0 rad/s by the chattering during the friction compensation, a dead zone of ±3.0 rad/s was assigned in the model. The friction compensation was maximized at ±100.0 rad/s for safety reasons. The experimentally determined dynamics of the motorside angle, reference motor torque, and load-side external torque are plotted in Fig. 6 . In case 1 (no control), the motorside angle slightly responded to the load-side external torque, but the reference motor torque remained constant. On the other hand, both the reference motor torque and the motorside angle responded to the load-side external torque in cases 2, 3, and 4. These responses of the motor-side angle were increased because they continued to rotate by the friction compensation after starting by the load-side external torque. The proposed method (case 4) responded to a smaller load-side external torque than the other control methods.
Next, the load-side equivalent inertias were experimentally determined and compared among the methods. The load-side equivalent inertia is related to the load-side inertia and the squared gear ratio of the motor-side inertia. Under appropriate control, the motor-side inertia is reduced, so the load-side equivalent inertia should be correspondingly small. That is, the model can be evaluated by the load-side equivalent inertia as an indicator of backdrivability. The load-side equivalent inertia J L relates the load-side motion to the load-side external torque as follows:
J Lθ L = −τ ext · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (12) From Eq. (12), the load-side equivalent inertia is obtained by the following least squares calculation.
L τ ext · · · · · · · · · · · · · · · · · · · · · · · · · · (13)
are the time sequence data of the load-side angular acceleration and the external torque, respectively. M and T are the number and the sampling time of the data, respectively. Table 3 shows the load-side equivalent inertias in each case, obtained by least squares fitting of the experimental results. The proposed method achieved the smallest load-side equivalent inertia among the tested methods. Here, when the motor side is sufficiently driven, the positional relationship between both sides is ideally maintained and the gears do not contact with each other within the backlash, therefore, the motor and load sides are separated. In this case, the load-side equivalent inertia can be regarded as the load-side inertia only. Moreover, when the motor is driving the load side, the equivalent inertia is smaller than the inertia at the load side. In the proposed method, the load-side equivalent inertia was reduced to 27% of the load-side inertia, confirming that the proposed method effectively realizes backdriving under the load-side external torque.
Here, we discuss the load-side equivalent inertia J L . Equation (1) considering angler transmission error disturbance is given as follows:
· · · · · · · · · · · · · · (14)
Then, inserting Eqs. (2) and (14) into Eq. (12), J L is expressed as follows:
Equation (15) is multiplied by the load-side inertia to the ratio of the load-side external torque to the torque related in the whole system viewed from the load side. Case 1 was τ M = 0 in the denominator on the right side of Eq. (15), and J L was increased because the load-side external torque was increased driving under the influence of the friction. In case 2, J L is smaller than case 1 because the load-side external torque was decreased by the friction compensation which was canceled the effect of τ f in the denominator on the right side of Eq. (15) . In case 3, J L was decreased as compared to case 2 by the feedback of the estimated load-side external torque to the denominator on the right side of Eq. (15) . Finally, in case 4, the effect of τ BL in the denominator on the 
Effect of Information Type on the Proposed Assist Control
This section discusses the effect of changing the information of the assist control. In this experiment, the angular transmission error was computed from the angular displacement, angular velocity, and angular acceleration. The assist controls based on the angular displacement (ACAD), velocity (ACAV), and acceleration information (ACAA) are given by Eqs. (16) , (17) , and (18), respectively. τ pos BL = J M K pos BL (θ M − Nθ L ) · · · · · · · · · · · · · · · · · · · · · · (16) τ vel BL = J M K vel BL s(θ M − Nθ L ) · · · · · · · · · · · · · · · · · · · · · · (17) τ acc BL = J M K acc BL s 2 (θ M − Nθ L ) · · · · · · · · · · · · · · · · · · · · (18) where, τ pos BL (K pos BL ), τ vel BL (K vel BL ), and τ acc BL (K acc BL ) are the assist torques (assist gains) based on the angle, angular velocity, and angular acceleration, respectively. The effect of the information type was compared by the cases of the assist gain tuning based on the assist torque and the high assist gain as the tuning method of the assist gain.
Comparison by the Assist Gain Tuning Based on the Assist Torque
In this subsection, the tuning is performed that the assist torque in each case is almost the same as the assist torque of the angular acceleration under the no Fig. 7 . Comparison of the assist torques computed in the three cases control condition. The tuned assist gains were K acc BL = 1.0, K vel BL = 30.0, and K pos BL = 1000.0. Figure 7 plots the motorand load-side angles, the assist torques calculated from the angular displacement, velocity, and acceleration information, and the load-side external torque (a small torque applied by a human operator) under the no control condition. Here, the state of the gear pair in the reduction gear is contacted that is defined as the contact state, and the state of the gear pair is separated that is defined as the non-contact state. As shown in Fig. 7 , the deviation of the motor-and the load-side angles was constant around 0.1 s and this state is the contact state. The assist torque based on the angle information was constant after the transit from the non-contact state to the contact state because it used the deviation of the motor-and the load-side angles. The assist torque based on the angular velocity information was occurred corresponding to drive of the load-side. Then, the assist torque was decreased because the motorand load-side angular velocity did not change after the transit from the non-contact state to the contact state. When based on the angular acceleration information, the assist torque was occurred corresponding to the angular acceleration by the load-side driven. Moreover, the backward torque corresponding to the angular deceleration was occurred after the transit from the non-contact state to the contact state. Next, the effectiveness of the assist control using the tuned gain as feedback to the motor torque was verified. Here, the load-side external torque was a small torque applied by a human operator that was given to the coupling 5 in Fig. 1 . Figure 8 plots the dynamics of the motor-and load-side angles, reference motor torque, and load-side external torque, respectively. In the case of the ACAD, the assist control drove the motor-side under a constant torque at the load side ( Fig. 8(a) ). In the case of the ACAV, the motor torque was generated at the start of driving and was decreased at 0.16 s due to the transition from the non-contact state to the contact state ( Fig. 8(b) ). Finally, in the case of the ACAA, the motor torque was occurred corresponding to the load-side external torque, and the motor driving was started ( Fig. 8(c) ). Then, the backward torque was occurred at 0.13 s after the transit from the non-contact state to the contact state. The assist torque based on the angular acceleration is the largest, and thereby realized the fastest motor-side response.
Comparison by the High Assist Gain
In this subsection, the gain for the comparison by high assist gain was experimentally tuned. The tuning was performed based on the response of the motor in which the gain was maximized by taking the output saturation and vibration into account. The tuned assist gains were K acc BL = 7.0, K vel BL = 350.0, and K pos BL = 2000.0. Figure 9 shows the motor-and loadside angles, reference motor torque, and the load-side external torque when the small load-side external torque was applied by the human operator to the coupling 5 in Fig. 1 . As shown in Fig. 9 , the angle response of assist control based on each information was increased from the result of the previous subsection by increasing the assist gain. In the case of the ACAD, the constant assist torque was occurred at 0.14 s due to the transit from the non-contact state to the contact state ( Fig. 9(a) ). In the case of the ACAV, the state of the gear pair was transited from the non-contact state to the contact state at 0.17 s ( Fig. 9(b) ). The response of the assist torque generation was become slowly by giving the high assist gain. Moreover, the vibration of the assist torque was occurred at 0.25 s. In the case of the ACAA, the angle response after the transit from the non-contact state to the contact state around 0.17 s was smaller than other information ( Fig. 9(c) ). However, the angle response in the non-contact state was larger than the ACAD and similar to the ACAV. In addition, the assist torque was the most generated in all information and did not vibrate as in the case of the ACAV. Thus, the ACAA was realized the fast and stable motor-side response.
Discussion
The load-side equivalent inertia in the assist control was calculated by Eq. (13) . Recall that the motor and load sides at the start of driving were separated by the backlash. Therefore, using the motor-side information to verify the assist from the motor-side corresponding to the load-side external torque,θ L was calculated as 1 Nθ M . The effect of information type on the assist control in the noncontact state was determined from 0.1 s (start of driving) to the maximum motor torque reference. The load-side equivalent inertias of the three assist controls with the assist gain tuning based on the assist torque and the high assist gain are compared in Tables 4 and 5 , respectively. Clearly, the ACAA minimized the load-side equivalent inertia. Therefore, this assist control most benefited the driving of the motor-side in the non-contact state.
From the above results, the ACAD can backdrive under the assist control only. However, as this control cannot control the angular displacements at both sides, it is sensitive to the initial conditions. The ACAV and ACAA both assist the start of driving, but require friction compensation and feedback of the estimated external torque (as in the proposed method). Furthermore, in the ACAA, the influence of the backward torque due to the transit from the non-contact state to the contact state to the motion response was not confirmed in the experimental results of the proposed method. Judging by its faster response than the other information, the angular acceleration enables the most sensitive assist control among the different information types.
Conclusions
This paper proposed the feedforward friction compensation and a MEDOB for increasing the backdrivability of robot actuators. It then developed a backdrive assist control based on the angular transmission error disturbance, which uses the backlash of the reduction gear. The effectiveness of the proposed method was verified in experiments. The results confirmed the realization of backdrive in a high reduction planetary gear. The assist controls based on different types of information (angular displacement, angular velocity, and angular acceleration) were then compared. The assist control depended on information type: the most sensitive motion in the proposed method was realized by inputting the angular acceleration information.
